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ABSTRACT

A cavity designed to have multiple harmonic TM0N0 modes can be used to
accurately measure the longitudinal profile of a bunched charged particle beam passing
through its bore, non-invasively, and in real time.
Multi-harmonic TM0N0 cavities were designed, constructed, and beamline tested
in a variety of experiments at the Thomas Jefferson National Accelerator Facility
(TJNAF or Jlab). Measurements with a sampling oscilloscope provided signals that
resemble the profile of electron bunches passing through the cavity’s bore.
Straightforward signal processing techniques reduce distortion in the measurement and
provide real time profiles of electron bunches with picosecond accuracy. Subharmonic
beams having bunch repetition rates of 1/3rd and 1/6th of Jlab’s 1497 MHz bunch
frequency, and interleaved sub-harmonic beams were also measured. Comparison
between measurements made using a harmonic cavity were corroborated with an
established invasive measurement method and with computer models. A harmonic
cavity from this effort has been installed within the CEBAF injector, allowing accelerator
operators to view, in real time, the shape and duration of electron bunches entering the
accelerator. Another harmonic cavity has been installed within Jlab’s Upgraded Injector
Test Facility (UITF), and two more are planned for installation there. This effort was
awarded the 2016 International Beam Instrumentation Conference’s Faraday Cup
Award.
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CHAPTER 1: INTRODUCTION
A resonant cavity was designed to have multiple harmonic TM0N0 modes and was
used to accurately measure the longitudinal charge profile of a bunched particle beam
passing through its bore, non-invasively and in real time. This dissertation will describe
the design and development of these cavities as well as measurements made with
them.
History: In 1979, a beam bunching cavity was developed at Los Alamos National
Laboratory that simultaneously superimposed two harmonic modes, the TM010 and
TM020 modes [3]. This effort was enabled by the development of a breakthrough
technology at that time, the RF field solver Poisson/Superfish [4]. By changing the
cavity shape in software and solving for the resonance frequencies of these two modes,
Scriber and Swenson were able to design a double-frequency TM0N0 harmonic cavity
before machining metal.
The work presented here is an extension of their efforts and has resulted in
cavity designs that superimpose multitudes of TM0N0 harmonic modes while
suppressing non-axially symmetric modes. Beamline compatible prototypes were
developed during this effort and have been installed in several locations at the Thomas
Jefferson National Accelerator Facility and have been used to measure the longitudinal
profile of electron bunches moving through their bore by determining the relationship
between the beams Fourier series and the harmonic resonances induced in the cavity.
Other notable non-TM0N0 harmonic cavity projects, present and past, can be
found in references [5,6].
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1.1 Multi-harmonic TM0N0 cavities
Multi-harmonic TM0N0 cavities, referred to throughout this dissertation as
harmonic cavities, have been designed to simultaneously resonate many harmonic
TM0N0 modes, and to suppress or displace TE and non-axially symmetric TM modes. A
cavity with many harmonic TM0N0 modes, and having a mode spectrum free of
interfering resonances, can be used for harmonic mode superposition.
Harmonic mode superposition can be visualized in Figure 1.1.1, which shows
four TM modes in a cylindrical cavity. The TM010, TM020, TM030, and TM040 modes are
presented below. The figure represents the instantaneous electric field superposition of
these modes if simultaneously driven in the same cavity.

Figure 1.1.1: An illustration of the superposition of the TM010, TM020, TM030, and TM040
resonant modes at a moment of simultaneous electric field maximum.

One reason to develop multi-harmonic TM0N0 cavity designs is because the
electric fields of these modes are additive; the superimposed electric field on-axis is four
times greater than the field of a single mode alone. Achieving a four-fold increase in the
electric field by increasing input power into a single mode would require four times the
2

RF power. This is because the field intensity in a resonant cavity is proportional to the
square root of its input power.
Another reason to pursue the development of multi-harmonic TM0N0 cavity
designs is because the electric field maximum of these modes is along the cavity’s axis
of symmetry and bore, allowing the cavity’s multiple resonances to interact with a beam
of charged particles passing through it.
A pillbox cavity, a hollow metal cylindrical shell, is a common RF resonator
example found in textbooks because its resonant modes can be solved analytically.
The mode spectrum of a pillbox cavity is a chaotic mix-up of non-harmonic TM0N0
modes interspersed with transverse resonant modes.

RF field solvers, like Superfish,

provide cavity designers the ability to solve mode geometries that would be impossible
to solve analytically, and to manipulate their geometry so that high order modes can be
made to be regular and useful.
The mode spectrum of the TM0N0 modes in an axially symmetric cavity can be
manipulated to becoming harmonic by altering the cavity’s geometry, and non TM0N0
modes can be suppressed by controlling the conductive paths on the cavity walls, and
TE modes can be displaced by lowering the cavity height.
Multi-harmonic cavity shape solutions were found by iteratively modifying an
axially symmetric cavity shape with an axial bore, while solving for multiple TM0N0 mode
frequencies with the field solver POISSON/Superfish.
A continuous family of geometric solutions was the result; five are shown in
Figure 1.1.2.
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Figure 1.1.2: Some of the cavity geometries that have harmonic TM0N0 modes are
shown in cross section with a horizontal axis of symmetry and beam tube.

The shallowest saucer shaped cavities of Figure 1.1.2 (right side) has a mode
spectrum that is clear of TE modes for many octaves because TE modes resonate at
frequencies greater than c/2h where h is the cavity length along the beam’s direction of
motion [7]. The wider geometries (left side) have higher Q’s because cavity Q is
proportional to the cavity’s ratio of volume to surface area [8]. Electric field solutions for
harmonic TM010 -TM080 modes, as solved for by Superfish for the center geometry
shown in Figure 1.1.2, are shown in Figure 1.1.3 in cross section with the beam tube
horizontal.
4

Figure 1.1.3: Electric field solutions for the TM010 -TM080 modes.
The time evolution of the superposition of harmonic TM010 -TM080 modes driven
simultaneously is shown in Fig. 1.1.4. Rolling your eyes around these images show one
cycle of the fundamental frequency of the harmonic cavity.

5

Figure 1.1.4: The time evolution of the superimposed modes TM010 -TM080 for the cavity
in Figure 1.1.3 with its axis of symmetry oriented vertically.

The superposition of multiple harmonic TM0N0 modes can be similar to the waves
generated in a coffee cup by dropping in a cube of sugar.
A beam line-compatible harmonic cavity was machined from aluminum in two
halves, welded together, and installed within a 12” Conflat vacuum flange. A harmonic
cavity shape was cut into these two halves using a CNC milling machine and a ball
shaped end mill that cut radially following a profile shown in Figure 1.1.2. To inhibit
non-axially symmetric TM modes in the prototypes, radial slits where machined into the
6

cavity walls that suppress non-radial wall currents. In Figure 1.1.5 these slits can be
seen. Wide slits were cut from the back, followed by a thin slits that penetrate through
the cavity’s inner surface.

Figure 1.1.5: A beamline compatible harmonic cavity constructed for testing on the Jlab
Injector Test Facility.
The TM0N0 modes have purely radial wall currents and are unaffected by these
slits, while the TMMNP modes with azimuthal mode numbers (m) less than the number of
discontinuities cannot resonate. A single wideband loop antenna connected to the
center pin of the SMA connector on the bottom of Figure 1.1.6 traverses the cavity
along its plane of symmetry and bends 90° near the bore and connects to the cavity
wall, coupling to all of the cavity’s harmonic TM modes.
7

Figure 1.1.6: The cavity of Figure 1.1.5 sandwiched between two 12” to 2¾” flange
reducers to make it compatible with Jlab’s Injector Test Facility beamline.
This dissertation summarizes the work performed under the auspices of DOE
SBIR Phase I and II grant DE-SC0009509 to develop a noninvasive electron beam
bunchwidth diagnostic. The remainder of this dissertation is organized as follows.
Chapter 2 presents measurement results at the Injector Test Facility at Jlab. Chapter 3
presents measurement results at CEBAF of a 499 MHz beam, a 249.5 MHz beam, and
compares them to measurements made simultaneously by the deflection technique. It
also presents measurements of interleaved 499 MHz beams detected by a sampling
oscilloscope as well as by an RF detector and voltmeter. The harmonic cavity’s
response to a 500 kV beams is also described. Chapter 4 presents a review of
subharmonic measurements, a review of key concepts, a conclusion, and
8

recommendations for future work. Finally, the Appendices contain additional supportive
information.
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CHAPTER 2: MEASUREMENTS AT THE INJECTOR TEST FACILITY

2.1: The Injector Test Facility (ITF)

The ITF is a DC photogun and experimental beamline. A photogun uses pulsed
laser light to liberate electrons from the surface of a solid cathode material by the photoelectric effect. At the Jefferson lab, the cathode of choice is crystalline Gallium
Arsenide (GaAs) because it can liberate spin polarized electrons that are useful for
Nuclear Physics experiments. The cathode is biased to a high voltage in a Pierce
configuration [9], so that the liberated electrons are quickly accelerated, focused, and
sent down the experimental beamline.
The photogun laser is a gain switched diode [10] followed by fiber amplifiers and
in some cases frequency doubling crystals to produce 35 ps FWHM Gaussian shaped
pulses of light. Ideally, the pulsed laser ejects photoelectrons from the cathode’s
surface, and the longitudinal profile of the electron bunches leaving the cathode is the
same Gaussian shape as the laser’s pulses. In practice, some of the laser light
penetrates through the surface of the cathode material and subsurface electrons are
also emitted. The subsurface electrons can leave the cathode after the laser pulse
terminates because they have further to travel, and because they interact with the GaAs
crystal lattice as they exit. This effect can produce an unwanted tail on the electron
bunches.

As the electron bunches propagate down the beamline, space charge forces

within them cause them to expand.
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In general, the higher the accelerating voltage, and the lower the beam current
and bunch charge, the closer the bunch shape resembles the Gaussian laser pulse
shape that generated it.
A technique to reduce the electron bunch’s unwanted tail is to use a GaAs
superlattice rather than a bulk GaAs photocathode. GaAs superlattice cathodes
consist of multilayers of crystalline GaAs interleaved with dopants to concentrate the
laser’s interaction to the surface. Superlattice cathodes can be constructed with
integrated Bragg reflectors [11] to decrease the laser’s penetration into the material.
The ITF photogun has adjustable accelerating voltage, adjustable laser pulse
repetition rate, and a load-locked photocathode, so that different cathode materials can
be efficiently tested.

2.2 Harmonic cavity testing on the ITF beamline

The harmonic cavity in Figures 1.1.5 and 1.1.6 was installed on the ITF
experimental beamline 5 meters from the gun so that the beam passed through its bore.
A sampling oscilloscope was connected to the harmonic cavity’s output antenna through
a low loss coaxial cable.
The load-lock on the ITF photogun allowed the staff of Jlab’s Center for Injectors
and Sources (CIS) to easily exchange the cathode material. 1533 MHz beams of three
currents (25 uA, 250 uA, and 500 uA), two different accelerating voltages (75 kV and
175 kV), and two different cathodes (bulk GaAs and superlattice) were transmitted
through the harmonic cavity. Full wavelength waveforms were captured from the
sampling oscilloscope for each of these parameters and cathodes.
11

The sharpest detected response was induced by the lowest current (27 uA),
highest voltage (175 kV), beam emitted by a superlattice photocathode; a complete
wavelength of the periodic signal is shown in Figure 2.1.1.

Figure 2.2.1: One wavelength of the harmonic cavity’s response to a 27 uA, 175 kV,
1533 MHz beam created using a superlattice photocathode.
As the bunched beam passes through the harmonic cavity at its fundamental
frequency (1533 MHz), many TM0N0 modes are induced to resonate; the detected
waveform is the superposition of these excited modes.
Key Concept #1: The waveform exported from the cavity’s antenna and
detected by the oscilloscope is the superposition of the cavity’s resonant modes excited
by the beam and coupled out of the cavity.
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2.3: The Discrete Fourier Transform (DFT) and the harmonic cavity’s mode by
mode response
The output of a sampling oscilloscope consists of discrete points that are evenly
separated in time. The Discrete Fourier Transform (DFT) of an even number of points
(N) of one complete wavelength of a periodic signal produces N/2 complex [12] terms
that are the signal’s positive frequency components. These complex terms represent
the waveform’s DC offset, the relative phase and amplitude of each individual cavity
resonance detected by the oscilloscope, and noise on the signal.

Figure 2.3.1: A graph of the relative magnitude of the harmonic cavity resonances
excited by the beam and coupled to the oscilloscope showing the first 20 of N/2 positive
frequency terms.

The first term in a DFT represents the DC offset and is only nonzero if the
oscilloscopes trace is offset. Figure 2.3.1 shows the magnitude of these complex
numbers to show the contribution of each cavity mode, as would be seen by a spectrum
13

analyzer connected to the cavity’s antenna. This graph is terminated after the 20th
term/mode rather than N/2 to highlight the contribution of each cavity resonance. The
beam in this example has excited the TM010 –TM0,10,0 modes in the harmonic cavity to
resonate. The small terms beyond these represent noise on the measured signal.
Key Concept #2: The relative amplitude and phase of each individual harmonic
cavity mode, as it is coupled out of the cavity, can be determined from the detected
waveform by calculating the waveform’s DFT of one wavelength of the signal.
2.4 Distortion in the harmonic cavity signal

Distortion in the measured signal is caused by at least three sources: harmonic
cavity imperfections, non-uniform antenna coupling, and cable dispersion.
Harmonic cavity imperfections are misalignments between the frequency of the
resonant modes in the harmonic cavity and the harmonics of the bunch frequency. A
mode driven on the shoulder of its resonance curve causes a decrease in detected
amplitude as well as a phase shift between the beam and the excited mode, a concept
embodied the universal resonance curve [12].
The antenna’s coupling and uniformity is also a source of distortion. The single
loop antenna is ideally a magnetic field loop that responds out of phase from the electric
field of each resonance. The loop antenna is also influenced by the electric field of the
resonances because it loops to ground parallel to this field. The phase shift induced by
the antenna is the combined influence of these fields and is mode-dependent. The
single antenna does not couple uniformly to all of the modes in the cavity. This causes
14

amplitude differences between the excited resonances and their contribution to the
detected waveform.
Coaxial cables cause distortion by dispersion and frequency-dependent losses.
Dispersion is frequency-dependent propagation velocity that causes an induced phase
shift that increases with frequency. Attenuation in coaxial cables is frequencydependent and higher frequencies are more strongly attenuated.
Key Concept #3: Distortion in the detected waveform is caused by an imperfect
antenna, an imperfect harmonic cavity, and cable dispersion.
Despite the complexity of these sources of distortion, their combined effect is
simply a mode by mode, or term by term phase shift and amplitude difference between
what is induced and what is detected. All that is needed to correct for the combined
distortion is a single complex term per mode that, when multiplied by the corresponding
term of its detected waveform DFT, properly scales its amplitude and shifts its phase.
The series that corrects for these combined sources of distortion is the harmonic
cavity’s transfer function.
Key Concept #4: The harmonic cavity’s transfer function can be used to correct
distortion.
2.5 An estimate of the harmonic cavity’s transfer function
The harmonic cavity’s transfer function is the ratio of two Fourier series, the DFT
of a brief detected waveform and the DFT of the electron bunch shape that induced it.
When multiplied with the DFT of subsequent measurements, the inverse transform
15

produces an undistorted signal. Each term of the transfer function properly scales the
magnitude and shifts the phase of each detected harmonic cavity resonance to remove
the effects of distortion.
Key Concept #5: The harmonic cavity’s transfer function is the ratio of two
Fourier series, one is the DFT of a brief detected waveform, and the other is the
Discrete Fourier series of the true beam current.
While the bunch shape of the beam that induced the detected waveform is not
precisely known, it can be searched for and found by the technique of blind
deconvolution [13,14]. Using this technique, prototype transfer functions are tested and
iterated based on what is precisely known about the inducing beam, that between
bunches, the measured waveform should be flat.
The procedure used for processing waveforms:
1)

Select a harmonic cavity signal from a low current, high energy beam and trim it
to an even number of points that compose one complete wavelength. Fit a
Gaussian with the same number of points to the most prominent feature of the
detected waveform.

2)

Calculate the complex DFT of both waveforms and divide the detected DFT into
the Gaussian DFT. This is a prototype inverse transfer function.

3)

Apply this transfer function my multiplying it with the DFT of subsequent
measurements and calculate the products IFT for evaluation.

4)

Increase the FWHM of the Gaussian and interpolate to the same number of
points and repeat until the results have flat baseline.
16

The inverse transfer function is calculated to prevent divide by zero errors. A
perfect Gaussian has no signal noise, so its high order harmonics are all zero. Division
into these terms removes measurement noise from the processed waveforms.
The prototype inverse transfer function is then tested by multiplying it with the
complex DFT of subsequent measurements that are trimmed to one wavelength and
have the same number of points. The inverse transform of this product produces
modified waveforms for evaluation.
Transfer functions created using a Gaussian fit of a detected signal typically
result in processed waveforms with significant ripples on the baseline. This can be
resolved by incrementally widening the Gaussian by trimming points from the front and
back of the waveform and using point interpolation to return the estimate to the same
number of points and calculating a new transfer function. The transfer function that
produces a flat baseline also produces the best approximation of true bunch shape.
The waveforms processed from this procedure are only approximations of the
true wave shape because the procedure relies on the assumption that a brief, low
current bunch profile has a perfect Gaussian bunch shape. What is required to find the
true bunch shape is an automated algorithm that can increment the assumed bunch
shape and solve for a flat baseline in processed waveforms.
Key Concept #6: The harmonic cavity’s transfer function can be estimated,
tested, and refined by the method of blind deconvolution.
Figure 2.5.1 shows the Gaussian wave shape that was used with the waveform
in Figure 2.2.1 to create a transfer function that processed measurements from the
17

experiments described below.

Figure 2.5.1: An estimate of a 25 uA and 175 kV beam’s longitudinal profile.

1533 MHz beams were created using two different cathodes: bulk GaAs and
superlattice and transmitted through the harmonic cavity. Three different beam currents
25 uA, 250 uA, and 500 uA were accelerated at two different voltages of 75 kV and 175
kV and measured. Figures 2.6.1-2.6.12 show the detected and processed waveforms
from this set of experiments, the first three at 75 kV where space charge forces have
significant effect on the bunch shape, and the second three at 175 kV. The plots are
viewed with the head of the bunch on the left and the tail of the bunch on the right. The
tail from the bulk GaAs cathode can be seen in the blue traces.
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2.6 Measurements of Bulk GaAs and superlattice at 75 kV and 175 kV
accelerating voltages

Figure 2.6.1: Harmonic cavity signals for a 25 uA, 75 kV beam.

Figure 2.6.2: Processed signals for a 25 uA, 75 kV beam.
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Figure 2.6.3: Harmonic cavity signals for a 250 uA, 75 kV beam.

Figure 2.6.4: Processed signals for a 250 uA, 75 kV beam.
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Figure 2.6.5: Harmonic cavity signals for a 500 uA, 75 kV beam.

Figure 2.6.6: Processed signals for a 500 uA, 75 kV beam.
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Figure 2.6.7: Harmonic cavity signals for a 25 uA, 175 kV beam.

Figure 2.6.8: Processed signals for a 25 uA, 175 kV beam.
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Figure 2.6.9: Harmonic cavity signals for a 250 uA, 175 kV beam.

Figure 2.6.10: Processed signals for a 250 uA, 175 kV beam.
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Figure 2.6.11: Harmonic cavity signals for a 500 uA, 175 kV beam.

Figure 2.6.12: Harmonic cavity signals for a 500 uA, 175 kV beam.
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Figures 2.6.1 through 2.6.12 show how a simple estimation of the harmonic
cavities transfer function can be used to remove distortion from the detected
waveforms. Measurements at 75 kV demonstrate how space-charge induced bunch
growth can significantly affect bunch shape, and measurements at 175 kV demonstrate
how accelerating voltage can be used to reduce these effects. All of these
measurements show the relative performance and tail signatures of the two
photocathode types.
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CHAPTER 3: MEASUREMENTS AT THE CONTINUOUS ELECTRON BEAM
ACCELERATOR FACILITY (CEBAF)
3.1: A 1497 MHz harmonic cavity

A 1497 MHz harmonic cavity was designed within a 10” Conflat flange and was
constructed from two bolted together halves that compressed a malleable wire seal and
is shown in cross section in Figure 3.1.1.

Figure 3.1.1: A 1497 MHz harmonic cavity within a 10” Conflat flange.

3.2 The CEBAF injector

At CEBAF, three independent 499 MHz bunch trains are extracted from a single
photocathode inside of a dc 130 kV photogun [4]. These pulse trains are interleaved in
time and injected into the accelerator where 1497 MHz superconducting RF cavities
increase the beam energy to many GeV. Post acceleration the three beams are uninterleaved and delivered to three experiment halls. The different halls have different
beam current requirements, so each beam is created by a different laser operating at
499 MHz.
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CEBAF’s original electron gun was thermionic and it produced a continuous beam
of electrons that was “chopped” into 1497 MHz beam. The chopping system, as it is
called, consists of two deflector cavities and a chopping plate. The deflector cavity is a
499 MHz TM210 mode cavity driven in two (degenerate) orthogonal transverse deflecting
modes, phased to sweep the beam onto a circle on the chopping plate with a revolution
frequency of 499 MHz. The chopping plate has three equally spaced holes with
adjustable apertures so that three unique bunch streams could be created with the
portion of the beam that passes through the apertures. The beam was relinearized with
a second identical deflector cavity downbeam of the chopping plate.
Now that CEBAF uses a photogun, the chopping system has new uses. It can be
used to remove the tail from electron bunches created with the photogun by phasing the
beam to pass through the apertures, and then adjusting the phase so that the aperture
edge intersects with the tail side of the bunch. It can be used to chop the edge of the
bunch to adjust beam current or bunch shape, it can also be used to make precision
bunch width and shape measurements.
3.3 Chopping a 499 MHz beam

The 1497 MHz harmonic cavity was installed downstream of the chopping system
and an 25 uA 130 kV, 499 MHz beam was transmitted through it. Measurements were
performed as the tail side of the bunch was successively trimmed until there was no
transmission through the aperture.
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Figure 3.3.1: Measured waveforms from a successively trimmed 499 MHz beam.

Figure 3.3.2: Waveforms of successively trimmed 499 MHz bunch stream processed
with an estimate of the harmonic cavity’s transfer function.
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3.4 The RF deflection technique

The RF deflection cavity technique of bunch measurement is made by adjusting a
chopping aperture to a very thin slit that chops out a thin slice of each bunch. By
changing the lasers phase relative to the deflector cavity’s, the bunch can be stepped
across this slit, and a downbeam Faraday cup measures the current from each slice
and produces a slice by slice measurement of bunch profile. Laser 1’s pulses are 45 ps
FWHM.
3.5: Measurements of the 499 MHz beam by the deflection technique

The bunch shape measured by the deflection technique of a 499 MHz beam is
shown in Figure 3.5.1.

Figure 3.5.1: Bunch shape measured by the deflection technique of a 499 MHz beam.
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The deflection technique is a well-established invasive measurement of bunch
profile. Each point on the graphs represents the faraday cup current measured for each
slice of the bunch stream.
3.6: Measurements of the 499 MHz beam with a harmonic cavity

Figure 3.6.1 presents the results from harmonic cavity measurements of the 499
MHz beam processed with an estimate of the cavity’s transfer function.

Figure 3.6.1: Harmonic cavity measurements of the 499 MHz beam processed with an
estimate of the cavity’s transfer function.

During these measurements the harmonic cavity was installed on CEBAF
between the gun and the chopping system. Bunch growth between the harmonic cavity
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and the chopping system, where the deflection measurements were made, was
modeled and corroborated with ASTRA [15] in [2].
3.7: Measurements of the 249.5 MHz beam by the deflection technique

Figure 3.7.1 presents the results from the deflection measurements of the 249.5
MHz beam.

Figure 3.7.1: Deflection measurements of the 249.5 MHz beam.

Laser 2 creates a 60 ps FWHM Gaussian pulse shape. The charge per bunch of
the 249.5 MHz beam is double that of the 499 MHz beam contributing to the evolution of
its bunch shape as it travels from the cathode to the chopping slit.
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3.8: Measurements of the 249.5 MHz with a harmonic cavity

Figure 3.8.1 presents the results from the harmonic cavity measurements of the
249.5 MHz beam.

Figure 3.8.1: Harmonic cavity measurements of the 249.5 MHz beam.

The harmonic cavity produces temporal data that is comparable to the RF cavity
deflection technique and is non-invasive and is in real time.
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3.9 Measurement of an interleaved 499 MHz beams using a 1497 MHz harmonic
cavity

Two 10 uA, 130 kV, 499 MHz beams were created by directing two
independently controllable pulsed lasers onto the photocathode in CEBAF’s DC
photogun. This beam travelled 4 meters down the injector beamline where it passed
through the bore of a 1497 MHz harmonic cavity.
Oscilloscope traces were captured for the A and B beam alone, and with both the
A and B together as the B beam stepped in 10° increments. The most successful
transfer function was created using the DFT of the B beam alone and a 75 ps Gaussian.
Figures 3.9.1-3.9.10 present oscilloscope traces of two interleaved beams with various
phase differences and their corresponding waveforms of bunch coincidence.
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Figure 3.9.1: Two interleaved 499 MHz beams about 40° out of phase.

Figure 3.9.2: Processed waveform is nearly 120° from bunch coincidence.
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Figure 3.9.3: Two interleaved 499 MHz beams about 30° out of phase.

Figure 3.9.4: Processed waveform is near 90° from bunch coincidence.

35

Figure 3.9.5: Two interleaved 499 MHz beams about 20° out of phase.

Figure 3.9.6: Processed waveform is near 60° from bunch coincidence.

36

Figure 3.9.7: Two interleaved 499 MHz beams about 10° out of phase.

Figure 3.9.8: Processed waveform near 30° from bunch coincidence.
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Figure 3.9.9: Two interleaved 499 MHz beams in phase.

Figure 3.9.10: Processed waveform at bunch coincidence.
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While the 1497 MHz harmonic cavity is able to measure beams that are
interleaved 499 MHz beams, 10° phase shifts of the 499 MHz beams resulted in 30°
phase shifts in the detected 1497 MHz waveforms. This and other ramifications of
measuring subharmonic bunch rates are reviewed in Chapter 4.
3.10 Measuring interleaved bunch alignment with an RF detector

An RF detector, also known as a Shottkey diode or as a crystal detector, was
attached to the harmonic cavity’s output and monitored with a voltmeter as two 499
MHz beams passed through the harmonic cavity. The detected waveform in Figure
3.10.1 repeats as one 499 MHz beam is stepped 120° relative to the other.

Figure 3.10.1: DC voltage vs. relative phase of two 499 MHz beams.

The waveform of Figure 3.10.1 can be also be created using the detected
waveforms of Figures 3.9.1, 3.9.3, 3.9.5, 3.9.7, and 3.9.9, and calculating each
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waveforms’ DFT and summing the magnitude of each resonance in each measurement
and plotting vs. phase. The negative going RF detector spikes in the waveform appear
sharply at 120° increments and indicate 120° spacing with the stationary bunch. This
and other ramifications of measuring subharmonic bunch rates are reviewed in Chapter
4.
The crystal detector rectifies RF that is coupled out of the resonant modes of the
harmonic cavity, producing a negative DC voltage that is proportional to the sum of the
magnitude of each of the cavity’s resonances.

To simulate the measured DC an ideal

harmonic cavity would produce when these beams pass through it, the magnitude of
each two bunch waveform’s FT was calculated. The measurement made by the crystal
detector is modeled by summing the magnitude of each harmonic term and multiplying
by -1 (negative going detector).
Key Concept #7: A harmonic cavity and a Schottkey diode can be used to
measure the relative phasing of interleaved beams.
3.11 500 kV Measurements
Downbeam of the chopping system, the CEBAF injector has an RF buncher cavity
and what is called “the capture section” that accelerates the beam from 130 kV to 500
kV and sends the beam into the superconducting accelerator.
The buncher and capture sections of the CEBAF injector were energized to
produce the shortest electron bunches possible. A 500 kV beam passed through the
harmonic cavity with bunches estimated to be 1-10 ps FWHM in duration. The
magnitude of the DFT of the detected waveform can be used to observe the harmonic
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frequency content in the detected signal and the bandwidth of the cavity. The cavity
has at least 13 harmonic modes and operates up to 20 GHz. Figure 3.11.1 shows the
detected waveform from a 500 kV, 499 MHz beam and Figure 3.11.2 shows the relative
magnitude of the harmonic cavity’s resonances.

Figure 3.11.1: The detected waveform from a 500 kV, 499 MHz beam.
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Figure 3.11.2: The relative magnitude of the harmonic cavity’s resonances.

The harmonic cavities bandwidth, or number of operating TM0N0 modes,
determines the brevity of beam features that it can detect. The harmonic cavity
described in Chapter 2 had ten operating harmonic modes, demonstrating that
improvements in cavity design and fabrication techniques increase bandwidth. It is
anticipated that this trend will continue and future harmonic cavities will provide more
accurate measurements of briefer bunches.
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CHAPTER 4 KEY CONCEPTS AND CONCLUSION

4.1 Subharmonic measurements

A 499 MHz beam is described in a Fourier series as a series of harmonics of 499
MHz. A 1497 MHz harmonic cavity can only respond to every third term of the beam’s
excitation. This phenomenon can be investigated graphically by creating an arbitrary
bunch shape with a period of the beam of interest, calculating its DFT, and then
calculating its inverse transform using only the terms that are harmonics of the cavity’s
fundamental frequency. Figure 4.1.1 is a hypothetical 499 MHz beam that is divided
into three periods of 1497 MHz (a,b, and c). Figure 4.1.2 is the same waveform after
calculating its DFT, and then calculating its inverse transform using only harmonic terms
that are integer multiples of 1497 MHz. The result is equivalent to the superposition of
(a) and (b) and (c).
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Figure 4.1.1: A hypothetical 499 MHz beam with a 2004 ps period.

Figure 4.1.2: The IFT of every third term of waveform of Figure 4.1.1’s DFT.
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The result of a subharmonic measurement is in an undistorted bunch shape in
Figure 4.1.2 having the period of the 1497 MHz cavity. Because the effect is equivalent
to superimposing the three sections of the 499 MHz beam (a), (b), and (c), the exact
bunch location is indeterminate.
Key Concept #8: Subharmonic measurements can be simulated by creating an
arbitrary bunch shape with a period of the beam of interest, calculating its DFT, and
then calculating its inverse transform using only the terms that are harmonics of the
cavity’s fundamental frequency.

4.2 Key concepts
1) The waveform exported from the cavity’s antenna and detected by the
oscilloscope is the superposition of the cavity’s resonant modes excited by the beam
and coupled out of the cavity.
2) The relative amplitude and phase of each individual harmonic cavity mode as
it is coupled out of the cavity can be determined from the detected waveform, by
calculating the waveform’s DFT of one wavelength of the signal.
3) Distortion in the detected waveform is caused by an imperfect antenna, an
imperfect harmonic cavity, and cable dispersion.
4) The harmonic cavity’s transfer function can be used to correct distortion.

45

5) The harmonic cavity’s transfer function is the ratio of two Fourier series, one
is the Discrete Fourier series of a brief detected waveform, and the other is the Discrete
Fourier series of the true beam current.
6) The harmonic cavity’s transfer function can be estimated, tested, and refined
by the method of blind deconvolution.
7) A harmonic cavity and a Schottkey diode can be used to measure the relative
phasing of interleaved beams.
8) Subharmonic measurements can be simulated by creating an arbitrary bunch
shape with a period of the beam of interest, calculating its DFT, and then calculating its
inverse transform using only the terms that are harmonics of the cavity’s fundamental
frequency.
4.3 Conclusion

A cavity designed to have multiple harmonic TM0N0 modes can be used to
accurately measure the longitudinal profile of a bunched charged particle beam passing
through its bore, non-invasively, and in real time.
Multi-harmonic TM0N0 cavities were designed, constructed, and beamline tested
in a variety of experiments at the Thomas Jefferson National Accelerator Facility
(TJNAF or Jlab). Measurements with a sampling oscilloscope provided signals that
resemble the profile of electron bunches passing through the cavity’s bore.
Straightforward signal processing techniques reduce distortion in the measurement and
provide real time profiles of electron bunches with picosecond accuracy. Subharmonic
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beams having bunch repetition rates of 1/3rd and 1/6th of Jlab’s 1497 MHz bunch
frequency, and interleaved sub-harmonic beams were also measured. Comparison
between measurements made using a harmonic cavity were corroborated with an
established invasive measurement method and with computer models.
Future work will include improving design and fabrication techniques of harmonic
cavities to increase their bandwidths. Further development of computer controlled
harmonic drivers will create new applications for harmonic cavities when actively driven
by RF, such as bunching or bunch shaping.

Development of an automated blind

deconvolution algorithm will improve the estimates of the harmonic cavities transfer
function so that processed waveforms will more accurately represent true bunch
profiles.
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APPENDIX A - Faraday Cup award.
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APPENDIX B – Publications

[1] B. Roberts, R.R. Mammei, M. Poelker, and J.L. McCarter, “Compact Noninvasive
Electron Bunch-Length Monitor,” Phys. Rev. ST Accel. Beams 15, 122802 (2012).

[2] B. Roberts, F. Hannon, M.M. Ali, E. Forman, J. Garmes, R. Kazimi, W. Moore, M.
Pablo, M. Poelker, A. Sanchez, and D. Speirs, “Harmonically Resonant Cavity as a
Bunch Length Monitor,” Phys. Rev. Accel. Beams 19,052801 (2016).
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APPENDIX C- Design Flowchart
Start

Create/modify a
Superfish input file with a
prototype harmonic cavity
geometry.

Calculate fundamental
resonant frequency (f) by
running Superfish with a search
frequency near f.

Calculate resonant frequencies
N(f) by running Superfish with a
search frequency near N(f).

Validate the mode type by
plotting the field solution
files with WSFplot.

Evaluate harmonic
accuracy of f
through N(f)
solutions.
End
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APPENDIX D – US patent 9,385,412 for “Harmonic cavity resonator”
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